Effects of nitrogen content on the microstructure, hardness, and friction coefficient of Ti-Mo-N coating films were investigated. Ti-Mo-N films were deposited onto an AISI304 stainless steel substrate by reactive r.f. sputtering in the mixture of argon and nitrogen gases with various gas flow rates. The hardness and friction coefficients were measured by nanoindentation and ball-on-disk testing systems, respectively. The hardness of the Ti-Mo-N films increased with increasing a nitrogen gas flow rate f N 2 ð Þ and showed a maximum hardness of about 30 GPa at a f N 2 ¼ 0:3 ccm. On the one hand, the films deposited at f N 2 ! 1:0 ccm showed a constant hardness value of approximately 25 GPa. On the other hand, the friction coefficient of the Ti-Mo-N film decreased with increasing N content and was 0.44 in the film deposited at f N 2 ¼ 2:0 ccm:
I. INTRODUCTION
THE TiN hard-coating films have been used for various industrial applications such as cutting tools, medical devices, and mold lubricant materials because of their high hardness of approximately 20 to 28 GPa [1] [2] [3] and high oxidation resistance. For the subsequent enhancement of their functions, the simultaneous improvement of hardness, friction coefficient, and wear resistance is strongly required. In this aspect, many attempts have been made to improve these properties, mainly by alloying TiN coating films. It has been reported that Ti-Al-N coating films show a high hardness because of the solution hardening effect with an excellent oxidation resistance. [3] [4] [5] Ti-Si-N and Ti-B-N coating films show an extremely high hardness because of the formation of the nanocomposite structure of amorphous-Si-N/nanocrystalline-TiN and amorphous-B-N or Ti-B/nanocrystalline-TiN, respectively. [6] [7] [8] [9] [10] [11] Although these TiN-based coating films show a high hardness (30 to 60 GPa [3, [5] [6] [7] [8] [9] [10] ), their high friction coefficients (0.6 to 0.8 [10, 12, 13] ) leads to poor wear resistance. Meanwhile, a low friction coefficient could be obtained with Mo-containing films. For example, Mo-containing Cr 2 O 3 films showed a lower friction coefficient and wear rate than Mo-free Cr 2 O 3 films. [14] Moreover, Mo-N coating films exhibited a lower friction coefficient and a shallower wear depth than TiN coating films. [15] The constituent phases and the hardness of the Mo-N coating films strongly depended on N content. [16] Recently, Yang et al. [17] investigated the effects of Mo addition to Ti-N coating films. They reported that the increase of the Mo content in the Ti-Mo-N coating films increased the hardness and decreased the friction coefficient. However, the effects of the nitrogen content have not been investigated. As reported in the Mo-N films, [16] the nitrogen content is an important factor to control the microstructure and the mechanical properties of coating films. Therefore, in the current work, we investigated the effects of nitrogen content on the microstructure, hardness, and friction coefficient of the Ti-Mo-N coating films.
II. EXPERIMENTAL PROCEDURE
Ti-Mo-N films were deposited on mirror-polished plates of AISI 304 stainless steel by r.f. reactive magnetron sputtering at room temperature, using a Ti 50 Mo 50 target (99.9 pct purity). To form nitrides, the mixture of argon and nitrogen gases was introduced under the condition where argon gas flow rate was fixed at 7.5 ccm and nitrogen gas flow rate f N 2 ð Þ was changed from 0 ccm to 2.0 ccm. The r.f. power for sputtering deposition was 50 W, and the substrate temperature during deposition was below 323 K (50°C). The sputtering time was fixed at 2 hours. In the current study, a Ti-N film was deposited using a Ti target (99.9 pct purity) at f N 2 ¼ 0:5 ccm; where the sputtering time was fixed at 9 hours to obtain the film with thickness of more than 600 nm. The sputtered film thickness was measured by a surface profilometer. The surface roughness (R a ) of the films was measured by an atomic force microscope in a scan area of 100 9 100 lm.
The constituent phases of the obtained Ti-Mo-N films were examined by X-ray diffraction (XRD) using Cu-Ka radiation. The chemical composition of the films was measured by Auger electron spectroscopy. Ti, Mo, and N contents were determined quantitatively by a relative sensitivity coefficient method using Ti-50 at. pct N and Ti-5 at. pct Mo (-5 at. pct Sn) as reference standards. The microstructure was observed by a transmission electron microscope (TEM). Cross-sectional TEM samples were prepared using a focused ion beam system. The hardness was measured by a nanoindentation system (Hysitron Inc., Triboindenter, MN) using a Berkovich indenter. The load was controlled so that the contact depth was kept less than 10 pct of the film thickness. The friction coefficient was measured by a ball-on-disk testing system (FPR-2100; RHESCA Co., Ltd., Tokyo, Japan) at room temperature. The test was carried out under a load of 500 gf at a sliding speed of 75 mm/second. A tungsten carbide ball was used as a counterpart, and the total wear distance was 100 m. The wear track on the film surface after boll-on-disk testing was observed by an optical microscope and a scanning electron microscope (SEM). Table I shows the thickness, the surface roughness, and the Ti, Mo, and N contents of the films deposited at f N 2 ¼ 0; 0:2; 0:3; 0:5; 1:0; and 2.0 ccm for 2 hours. The film thickness decreases with increasing f N 2 of more than 0.5 ccm. This is a result of the decrease in the sputtering rate with increasing f N 2 as reported in the case of TiN film. [18] The surface roughness of the films is independent of f N 2 and very small, which indicates that the effects of surface roughness on mechanical property measurement are negligible. The N content increases with increasing f N 2 in the region of f N 2 0:5 ccm; and then it approached to a constant chemical composition (N % 42 at. pct) at f N 2 ¼ 0:5 ccm: Figure 1 shows the XRD patterns of the films deposited at f N 2 ¼ 0; 0:2; 0:3; 0:4; 0:5; 1:0; and 2:0 ccm: The film deposited without nitrogen gas shows a basecentered cubic (bcc)-(Ti,Mo) phase pattern with a strong 110 preferential orientation. In the Ti-Mo-N film deposited at f N 2 ¼ 0:2 ccm, the position of the bcc-(Ti,Mo) 110 peak is slightly shifted to a higher diffraction angle, and the peak width seems to be broadened. Moreover, the broad peak has a shoulder at the lower angle side. Because the lattice spacing of the bcc-(Ti,Mo) phase decreases with decreasing the Ti content, [19] it is suggested that the shift of the peak position is caused by the decrease of the Ti content in the bcc-(Ti,Mo) phase. The shoulder peak is most likely a result of the formation of the e-Ti 2 N phase by the inflow of nitrogen gas. The e-Ti 2 N phase formation was also reported in a r.f. sputtered TiN film with a low N content of approximately 30 at. pct N. [20] The XRD pattern of the film deposited at f N 2 ¼ 0:3 ccm indicates the formation of the d-(Ti,Mo)N phase as a main phase. As the f N 2 increases from 0.3 ccm to 2.0 ccm, the d-(Ti,Mo)N peak positions are shifted to lower diffraction angles. It was reported in a d-TiN film that the lattice spacing increases with increasing N content [20] and that the magnitude of compressive residual stress increases with increasing nitrogen partial pressure during sputtering under the pressure condition of P N 2 =P Ar >0:03 [21] . In the current study, the partial pressure ratio P N 2 =P Ar at f N 2 ¼ 0:3 ccm is estimated to be approximately 0.04. Therefore, in the region of 0:3 ccm f N 2 0:5 ccm, the shift of the XRD peak positions of the d-(Ti,Mo)N is considered to be not only a result of the expansion of the lattice spacing with increasing the N content, but also a result of to the increase of the compressive residual stress with increasing the f N 2 . The films deposited at f N 2 ¼ 0:5 ccm have almost the same N content. Therefore, the shift of the XRD peak positions in the films at f N 2 >0:5 ccm is only caused by the increase of the compressive residual stress. B. Effect of f N 2 on Hardness of Ti-Mo-N Films Figure 2 shows the plot of hardness as a function of f N 2 . The hardness drastically increases with increasing f N 2 and reaches a maximum hardness of about 30 GPa at f N 2 ¼ 0:3 ccm: By a subsequent increase of f N 2 , the hardness slightly decreases and becomes almost a constant value of about 25 GPa in the region of f N 2 ! 1:0 ccm: Ti-N film deposited at f N 2 ¼ 0:5 ccm showed the hardness of approximately 28 GPa, which is almost the same value as that of the Ti-Mo-N film deposited at f N 2 ¼ 0:5 ccm: Figure 3 shows the cross-sectional TEM bright-field images of Ti-Mo-N films deposited at f N 2 ¼ 0:2 (Figure 3(a) ), 0.3 ( Figure 3(b) ), and 1.0 ccm (Figure 3(c) ). All films show a columnar grain structure. The grain size becomes coarser as the f N 2 increases. The film at f N 2 ¼ 0:2 has very fine grain size of approximately 10 nm. The grain size of the film at f N 2 ¼ 0:3 ccm is less than 50 nm, whereas that of the film at f N 2 ¼ 1:0 ccm is much coarser and is approximately 100 nm. From the XRD result, the film at f N 2 ¼ 0:2 ccm has a secondary e-Ti 2 N phase in addition to a main bcc-(Ti,Mo) phase. The presence of the secondary phase is likely to cause the grain refinement. Although the e-Ti 2 N phase is detected in the XRD spectra, it is difficult to identify in the TEM bright-field image of the film at f N 2 ¼ 0:2 ccm because of the fine and complicated microstructure. The initial drastic hardening is a consequence of the formation of the nitrides and the finegrain structure. The film at f N 2 ¼ 0:3 ccm showed a maximum hardness of approximately 30 GPa. Vaz et al. [18] reported a similar relation between the hardness and the N content in TiN film. They reported that the TiN film with a lower N content of approximately 30 at. pct exhibited a maximum hardness, which was caused by the grain refinement of d-TiN phase because of the presence of an e-Ti 2 N phase. In the current study, although a clear crystalline peak is not observed except the d-(Ti,Mo)N peaks in the film deposited at f N 2 ¼ 0:3 ccm (Figure 1) , the presence of the e-Ti 2 N phase may be related to the grain refinement of the d-(Ti,Mo)N phase. Figure 4 shows the friction coefficient as a function of sliding distance in the films deposited at f N 2 ¼ 0:3 and 2:0 ccm: In the both films, the friction coefficient does not vary much with distance. The friction coefficient of the film at f N 2 ¼ 2:0 is lower than that at f N 2 ¼ 0:3: Note that the data of the film deposited at Fig. 2 -The relation between nitrogen gas flow rate (f N2 ) and hardness in the Ti-Mo-N film. Table II summarizes the average values of the friction coefficients measured over a distance of 100 m for Ti-Mo-N and Ti-N films. The friction coefficient of the Ti-Mo-N film at f N 2 ¼ 0:2 ccm is not included because the film was delaminated from the substrate before the wear distance reached 5 m. As the f N 2 increases, the friction coefficients are found to decrease. Meanwhile, the TiN film obtained in the present study was delaminated rapidly from the AISI304 substrate. The Ti-Mo-N film at f N 2 ¼ 2:0 ccm shows a low friction coefficient of 0.44, which is lower than the values of Ti-N (0.5 to 0.6), [12] Ti-Al-N (0.6 to 0.8), [12] Ti-Si-N (0.7 to 0.8), [13] and Ti-B-N films (0.6 to 0.9).
III. RESULTS AND DISCUSSION

A. Chemical Composition and Constituent Phases
C. Effect of f N 2 on Wear Property of Ti-Mo-N Films
[10] Figure 5 shows the optical micrographs of wear track on the surface of the films deposited at f N 2 ¼ 0:3 ( Figure 5(a) ) and 2.0 ccm ( Figure 5(b) ). On the one hand, in the Ti-Mo-N film at f N 2 ¼ 0:3 ccm, delamination was observed everywhere along the wear track ( Figure 5(a) ), which causes the data scattering of the friction coefficient shown in Figure 4 . On the other hand, there was no delamination in the Ti-Mo-N film at f N 2 ¼ 2:0 ccm after testing, and the width of the wear track became narrower as shown in Figure 5(b) . A surface observation using an optical microscope suggests that the main wear mechanisms of the Ti-Mo-N films at f N 2 ¼ 0:2 and 0:3 ccm containing a lower nitrogen content are abrasive wear and delamination, which lead to poor wear properties. Similar tendencies at a low N content have been reported in W-N [22] and Ti-Al-N [23] films. In the W-N film with a low N content, even if the hardness of the film was high, the friction coefficient and the wear rate were high. This finding was attributed to the formation of large wear debris containing W-N particles larger than 5 lm. Similar to the W-N film with a low N content, the current Ti-Mo-N films with the low N content of f N 2 ¼ 0:2 and 0:3 ccm also showed large wear debris in Figure 5 (a), which caused abrasive wear with the large friction coefficient. In contrast, the Ti-Mo-N films at f N 2 ¼ 1:0 and 2:0 ccm have no such large wear debris. According to Yang et al., [17] the friction coefficient of Ti-Mo-N film with a high N content of approximately 40 at. pct decreased with an increasing Mo content. They claimed that the friction coefficient was reduced by the formation of very small lubricious particles of molybdenum oxide on the wear track surface in dry sliding wear conditions. [17] Moreover, Polcar et al. [22] suggested that W-N films with a high nitrogen content showed a rapid production of small tungsten trioxide particles, which was caused by the liberation of nitrogen during tribooxidation. The fine oxide particles were suggested to cause a lower friction coefficient. [22] In our Ti-Mo-N film case, the small particles were also observed in the film with a high N content. Figure 6 shows the SEM micrograph of wear track on the surface of the film deposited at f N 2 ¼ 2:0 ccm: Tiny needle-like particles are observed on the wear track, and are considered to be composed of a molybdenum oxide. Therefore, it is suggested that a high N content is essential to obtain fine luburicious oxide particles and to have a good wear property in the Ti-Mo-N film. Additionally, it is noted that the N content is almost the same in the two Ti-Mo-N films deposited at f N 2 ¼ 1:0 and 2:0 ccm, yet the film deposited at f N 2 ¼ 2:0 ccm showed a lower friction coefficient than the film deposited at f N 2 ¼ 1:0 ccm: This may be because the Mo content of the film deposited at f N 2 ¼ 2:0 ccm is higher than that at f N 2 ¼ 1:0 ccm; as shown in Table II . Although the reason for the difference in the Mo content is not clear at present, the Mo dependence is consistent with the results by Yang et al. [17] They reported that the friction coefficient of Ti-Mo-N film decreased with an increase in the Mo content. [17] Therefore, the lower friction coefficient of the film deposited at f N 2 ¼ 2:0 ccm is caused by a higher Mo content that may produce a larger amount of fine particles of molybdenum oxide.
IV. CONCLUSIONS
Ti-Mo-N films were deposited by reactive sputtering of a Ti 50 Mo 50 alloy target with various nitrogen gas flow rate. The effects of the nitrogen content on the crystal structure, microstructure, and mechanical properties were investigated. The findings are summarized in the following list: 
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